The woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) increases transgene expression from a variety of viral vectors, although the precise mechanism is not known. WPRE is most effective when placed downstream of the transgene, proximal to the polyadenylation signal. We hypothesized that WPRE likely reduces viral mRNA readthrough transcription by improving transcript termination, which in turn would increase viral titers and expression. Using a Cre-lox-mediated plasmid-based assay, we found significant readthrough transcription from g-retroviral vector (RV) long terminal repeat (wt RV-LTR) and RV LTR with a self-inactivating deletion (SIN RV-LTR). WPRE, when placed upstream of the RV LTRs, significantly reduced readthrough transcription. Readthrough, present at much lower levels with the SIN HIV-1 LV-LTR, was also reduced with WPRE. When placed in RV vectors, WPRE increased total RV genomic mRNA; and increased viral titers from transiently transfected 293T cells and stable PG13 producer cells by 7-to 15-fold. The mechanism of increased titers and expression was not due to increased nuclear mRNA export, increased rate of viral transcription or a significant increase in viral mRNA half-life. Our results showed that WPRE improved vector genomic transcript termination to increase titers and expression from RVs.
Introduction
The Hepadnaviridae family of DNA viruses, such as the human hepatitis B virus (HBV) contains an RNA export element, termed the post-transcriptional regulatory element (PRE) that facilitates accumulation of surface antigen transcripts in the cytoplasm from the intronless hepadnavirus genome. [1] [2] [3] A similar, more potent, tripartite PRE present in the woodchuck hepatitis virus (WHV), WPRE increases transgene expression from a variety of viral vectors. 4 It is commonly murine used in integrating RNA vectors, such as the Moloney leukemia virus (MLV)-based g-retroviral vectors (RV), and the HIV-1-based lentiviral (LV) vectors to increase transgene expression. It has also been found to increase expression from DNA vectors based on adeno-associated virus (AAV) 5 and adenovirus. 6 Hope and colleagues performed a detailed analysis of expression of RV and LV vectors containing the WPRE and found that in the context of a LV vector, WPRE did not affect nuclear export of vector mRNA. 6 The increased expression from WPRE in LV vectors was not due to altered viral mRNA half-life or the rate of transcription; they therefore, concluded that WPRE probably acts post-transcriptionally. 7 Our results support their findings and those of others that WPRE can increase transgene expression from RV and LV vectors. 4, [7] [8] [9] [10] [11] However, the precise mechanisms of how WPRE increases vector titers and transgene expression in RVs are unknown. 4, 12, 13 Zaiss et al. have shown that HIV-1-based LV vectors consistently expressed reporter genes athigher levels when compared to MLV-based RV vectors. 15 Their analysis showed that the differences in expression from RV and LV vectors could be attributed to inefficient transcript termination in RV vectors. 15 RV vectors displayed high frequency of transcriptional readthrough of the 3 0 polyadenylation signal in the 3 0 -LTR due to inefficient polyadenylation of viral genomic mRNA. We have observed that WPRE increased expression at a much higher degree from RV vectors than from LV vectors. Since PRE work best when placed upstream of the polyadenylation signal of a transgene, we hypothesized that WPRE probably improves efficiency of transcript termination from the 3 0 -LTR. If this were to occur, WPRE containing RV vectors would have reduced readthrough transcription, increased total vector mRNA transcripts and improved viral titers and expression, secondary to improved transcript termination.
In this study, we report that increased viral mRNA readthrough transcription was significantly reduced when WPRE was placed upstream of the RV-LTRs. WPRE increased total RV mRNA from transiently transfected and stably transduced cells, and improved viral titers from transient transfections and from stable producer cells, as compared to control RV vectors.
Results and discussion
WPRE reduces the transcriptional readthrough from retroviral 3 0 -LTRs A series of plasmid constructs with or without WPRE, with either wild-type (wt) or self-inactivating (SIN) RVor LV-LTRs, were made containing an upstream EF1-a promoter (Figures 1a and b) . A promoter-less IRES-Cre fragment was placed downstream of the 3 0 -LTRs, so that Cre expression would occur only from transcriptional readthrough from the LTR. Equal amounts of these plasmids were transfected into the reporter cell line, TE26, which expresses b-galactosidase proportional to Cre expression.
14 A green fluorescent protein (GFP) plasmid was co-transfected with the readthrough plasmid constructs to normalize b-galactosidase activity for transfection efficiency. A plasmid carrying the truncated rat nerve growth factor receptor served as a negative control. A quantitative correlation of Cre expression versus the b-galactosidase activity was confirmed by transfecting TE26 cells with increasing amounts of the EF1a-IRES-Cre plasmid. A standard curve was generated that showed a linear correlation of the amount of the positive control IRES-Cre plasmid transfected into cells and the b-galactosidase activity measured by spectrophotometer (data not shown).
Significant b-galactosidase activity was observed from transfected constructs containing the wt RV-LTR or the SIN RV-LTR, confirming the results of Zaiss et al. of a high transcriptional readthrough from the MLV 3 0 -LTR ( Figure 2a) . 15 When WPRE was placed upstream of the wt RV-LTR or the SIN RV-LTR, it reduced transcriptional readthrough activity by twofold to half from the wt and SIN RV-LTR, respectively (Po0.001; n ¼ 6). The wt LV-LTR showed negligible transcriptional readthrough, which was similar to control values, and consistent with results previously reported. 15 The SIN LV-LTR showed some transcriptional readthrough, albeit significantly less than that seen through the RV-LTRs. An upstream WPRE was effective in reducing the readthrough activity from the SIN LV-LTR as well, to levels similar to negative control cells. 0 -aatagtacttgaaagaccccgctgac-3 0 with the MNDeGFP WPRE RV vector plasmid as a template. For fragments containing WPRE and the LTR, the following primers were used: forward 5 0 -cgaagtactcgataatcaacctctgg-3 0 and the same reverse primer as described above. Amplified fragments were ligated with the LTR fragments using DNA Ligation Kit Ver 2.1 (Takara). For constructing the SIN RV-LTR constructs, pSin11 SF GFP-pre plasmid (carrying a 400 bp deletion; a kind gift from Drs Christopher Baum and Axel Schambach) was digested with HindIII/XhoI and blunt ended with Klenow (New England Biolabs). To generate WPRE SIN RV-LTR fragment, pSin11 SF GFP-pre plasmid was digested with BamHI/XhoI. SIN RV-LTR with or without WPRE was cloned into pCSO-rc-EF1a(Bos)-IRES-CRE as described above. (b) The wt LV-LTR and the SIN LV-LTR (carrying the 400 bp U3 deletion) were obtained from lentiviral vector plasmids described previously and blunt ligated into the pCSO-rc-EF1a(Bos)-IRES-cre plasmid. 8, 27 For the SIN LV-LTR construct with USE fragment, pBS-LTR-USE-Oligo plasmid was digested with EcoRI and SacII. Isolated fragments containing the LTR were blunt ended as described above and ligated with the pCSO-rc-EF1a(Bos)-IRES-cre plasmid. (c) The MND backbone was used to construct the b-globin cDNA-IRES-GFP series of bicistronic vectors. In the MND vector, the MPSV enhancer replaces the Moloney enhancer, the negative control region is deleted in the LTR and the Moloney primer binding site is substituted by the primer binding site from the dl587 revertant virus, 27 changes that allow expression from the LTR in embryonic stem cells and murine hematopoietic stem cells. 6 The MND-X-IRES-GFP vector was constructed by cloning the enhanced GFP cDNA into the MND-neo cassette, 28 and replacing the EcoRI/NcoI neo sequence with the EcoRI/NcoI IRES of the ECMV. The b-globin cDNA was removed as an NcoI/HindIII fragment from the pGS188 plasmid (kindly provided by Dr Kazuhiko Adachi 29 ) and cloned into the EcoRI cut and blunted site of MND-X-IRES-GFP. The HPRE, representing position 1236-1802 bp of the HBV genome (kindly provided by Dr TSB Yen, 2 VA Medical Center, San Francisco, CA, USA), was cloned into the XhoI/ClaI site of MND-X-IRES-GFP, downstream of the GFP cDNA. The WPRE, representing position 963-1684 bp of the WHV genome (kindly provided by Dr TJ Hope, 4 Salk Institute, San Diego, CA, USA), was cloned into the ClaI site of MND-X-IRES-GFP at a position between the GFP cDNA and the 3 0 -LTR. The YFP series of monocistronic vectors were cloned into the MND backbone, which also incorporates modifications of the MFG vector: the enhanced YFP cDNA (Clonetech Laboratories) was subcloned into the BamHI/NotI sites of pSC1180; the NcoI/XhoI YFP fragment was then cloned into the NcoI/SalI site of the MND vector to generate MND-YFP vector. The WPRE (ClaI/ClaI fragment; a kind gift of Dr Thomas J Hope) was cloned into the ClaI site of MND-YFP. The HPRE (XhoI/HindIII fragment) was subcloned from pTR225 into PIC20R and then cloned into the MND-YFP as a ClaI fragment. ECMV, encephalomyocarditis virus; GFP, green fluorescent protein; LTR, long terminal repeat.
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To confirm our findings of the b-galatosidase assay, we transfected TE26 cells that were plated on coverslips with the readthrough constructs, stained them for Lac-Z and quantified the percentage of Lac-Z-positive cells (Figures 2b and c) . The results were identical to those observed with the b-galactosidase assays: wt RV-LTR and SIN RV-LTR showed a high proportion of Lac-Z-positive cells (Figures 2b and c) . Presence of WPRE upstream of the RV-LTRs or the SIN LV-LTR reduced the number of Lac-Z-positive TE26 cells by 2-to 6-fold (Po0.001). The SIN LV-LTR showed fewer Lac-Z-positive cells, and placing the WPRE upstream of the LTR reduced their proportion.
The b-galactosidase enzyme activity and Lac-Z staining were confirmed further at RNA level by performing a northern blot analysis using a Cre fragment as a probe (Figure 3a) . The transfection efficiency is shown by probing the blot with the GFP probe (all LTR plasmids were co-transfected with a GFP plasmid in a 4:1 ratio in this experiment). The wt RV-LTR and SIN RV-LTR show a high level of readthrough at the RNA level. The data on the wt LV-LTR and SIN LV-LTR are also consistent with results shown earlier; with the wt LV-LTR showing no readthrough and the SIN LV-LTR showing some degree of transcriptional readthrough. In all cases, insertion of WPRE upstream of the LTRs eliminates the readthrough transcript (Figure 3a) . Furthermore, we performed a western blot analysis for the Cre protein (Figure 3b ), which completely complements the results shown in the northern blot analysis. Taken together, these data confirm that WPRE reduces transcriptional readthrough.
We believe that WPRE enhances viral genomic transcript termination, which normally occurs in the R region of the LTRs. WPRE may contain an enhancer of polyadenylation/cleavage of viral mRNA. Upstream sequence elements (USE) known to enhance polyadenylation have been characterized in numerous viruses, including the hepatitis viruses and HIV-1, usually are located 15-60 bp upstream of the AAUAAA; [16] [17] [18] [19] [20] [21] and have a core sequence composed of AUUUGUURA that is conserved in several plant and animal viruses. [16] [17] [18] 20 We therefore placed three copies of USE sequence from the Coverslips were sterilized by 100% ethanol and treated with poly-L-lysine before placing in six-well plates. Two hundred and fifty thousand cells were seeded into each well of six-well plates 24 h before transfection in fresh DMEM 10% FBS without antibiotics. Cells were transfected as described previously and 48 h after transfection, cells on the coverslips were washed once with PBS and fixed with 0.05% glutaraldehyde for 5 min at room temperature. After fixation, cells were washed in 2 ml of PBS and incubated for 10 min at room temperature in fresh PBS. Cells were washed a second time with fresh PBS and covered with X-gal staining solution (1 mg/ml X-gal, 5 mM K 4 Fe(CN) 6 . 3H 2 O, 5 mM K 3 Fe(CN) 6 and 1 mM MgCl 2 in PBS) and incubated overnight at 371C, 5% CO 2 . Coverslips were removed and mounted on slides. Images were taken by Olympus BX51 microscope using Â 40 objective lens with PictureFrame ver2.2 program. b-Galactosidase-positive and -negative cells were counted using the MetaMorph Offline ver6.3r7 program. DMEM, Dulbecco's modified Eagles' medium; FBS, fetal bovine serum; GFP, green fluorescent protein; PBS, phosphate-buffered saline.
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SV40 virus in SIN LV-LTR (kindly provided by Dr Paula
Cannon, Los Angeles, CA, USA; Figure 1b) . Like the WPRE, the USE SIN-LTR showed a significant reduction in readthrough transcription. Despite the presence of the USE consensus in the ground squirrel hepatitis virus (GSHV) and the human hepatitis B virus (HBV), polyadenylation and cleavage of viral RNA genome has been shown to be more efficient when additional upstream viral sequences are included. 16, 18 It is conceivable that WPRE, normally located upstream to the viral USE in the WHV plays a role in augmenting polyadenylation. Indeed, the entire HIV-1 USE is present in the SIN LV-LTR containing the 400 bp U3 deletion, but some amount of readthrough transcription, albeit less than seen in wt RV-LTR, still occurred from this construct (Figures 2 and 3 ), suggesting that upstream viral sequences in the U3 region are necessary for efficient HIV-1 genome transcript termination. Huang et al. have demonstrated presence of a USE in a mammalian gene, the mouse histone 2a gene, which increased accumulation of polyadenylated transcripts and additionally increased nuclear export. 22 Notably, they were able to replace the H2a USE element with the HBV PRE (HPRE) to achieve the same effect. 22 Our data with WPRE suggest that this effect may due to improved transcript termination. We next examined its role in nuclear export.
WPRE increases total MLV genomic mRNA and vector titers
To analyze the effect of WPRE on viral mRNA nuclear export, we constructed two sets of MLV vector constructs with and without the WPRE (Figure 1c) . These vectors carried a GFP or YFP reporter gene. The GFP set of vectors additionally carried the b-globin cDNA, which, unlike the b-globin gene, is known to be inefficiently processed and retained in the nucleus. 23 A similarly constructed HPRE construct was also tested in parallel. The viral mRNA (total, nuclear and cytoplasmic) was analyzed in 293T cells that were transiently transfected with vector plasmids or MEL cells that were stably transduced with these viruses (Figures 4a and b) . WPRE increased the total viral mRNA of BG-GFP vectors by 7-fold ( Figure 4a ) and YFP vectors by 57-fold (Figure 4b ), but had negligible to 2-fold increase in its cytoplasmic: nuclear ratio, respectively, as compared to vectors without the WPRE. Similar results were seen with HPRE, although WPRE was much more potent at increasing total genomic RNA than HPRE (data not shown). Although the WPRE has been recently shown to induce nuclear export of myotonic dystrophy 3 0 -untranslated transcripts that are otherwise retained in the nucleus in the context of a plasmid construct, 24 we were unable to show any significant increase in b-globin mRNA or a small increase in YFP mRNA export with RV vectors carrying WPRE or HPRE in transient transfections or with stably transduced cells. Our results are consistent with previous results observed by Zufferey et al., where they observed that WPRE does not increase nuclear export of viral mRNA in LV vectors, and nuclear and cytoplasmic mRNA are proportionately increased. 7 Perhaps the WPRE improves nuclear export of specific genes/sequences. The effect of WPRE on transgene expression and titers within viral vectors has been shown to be context-dependent. 9 WPRE and the PRE from GSHV and HBV contain AU rich motifs in the b-loop that resemble the USE core sequence; these motifs may conceivably augment polyadenylation efficiency. 4 WPRE also contains the AUUU GUURA, the USE 'core sequence' in the g-loop, which may explain its potency of transcript termination and increased total viral mRNA over HPRE.
We also investigated other mechanisms that may increase total mRNA from the PRE. Like the results Figure 2a . Cells were harvested using RNA STAT-60 (Tel-Test Inc., Friendswood, TX, USA) as described by the manufacturer. Northern blot analysis was performed as described previously and a cre fragment was used as a probe. (b) Proteins were extracted from RNA STAT-60. In brief, 300 ml of 100% ethanol was added to the mixture, incubated at room temperature for 3 min and spun for 5 min at 2000 g. The supernatant was transferred to a new tube and 1.5 ml of 100% isopropanol was added. The mixture was incubated at room temperature for 10 min and spun down for 10 min at 41C. Pellets were washed in 2 ml of 95% ethanol with 0.3 M guanidine Hcl and incubated for 20 min at room temperature. The tube was spun down for 5 min at 41C at 7500 g. This step was repeated three times. Pellets were finally washed with 100% ethanol and incubated at room temperature for 20 min and spun down for 5 min at 41C at 7500 g. Pellets were resuspended in 1% SDS. Proteins (20 mg) were resolved on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to polyvinylidene fluoride (PVDF) membrane. The blot was probed with anti-cre antibody (1:10 000 dilution, Novagen, San Diego, CA, USA) and C4 pan-actin antibody (1:20 000 dilution, Seven Hills Bioreagents, Cincinnati, OH, USA).
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reported by Zufferey et al., we did not observe an increase in the rate of transcription of viral mRNA in vectors containing WPRE, 7 as determined by nuclear run on analysis (Supplementary Figure 1a) ; nor did we observe a significant difference in mRNA half-life (Supplementary Figure 1b) . Similar results were seen with the HPRE element (data not shown).
We next analyzed the effect of WPRE on viral titers. We found that WPRE increased viral titers from 293T cells that were transiently transfected with MLV vectors by 12-to 16-fold (Figure 4c ). HPRE also increased viral titers, although the effect was much lower than WPRE (sixfold; data not shown). These data were consistent with the total viral mRNA expression from these vectors. Since VSV-G pseudotyped virus produced by transient transfection can re-infect the 293T producer cells and confound interpretation of the results on viral titers, we established stable PG13 producer cell lines from the MLV vectors. Figure 4d shows a genomic Southern blot, showing equivalent vector DNA in the PG13 producer 30 and pMD.G (VSV envelope G glycoprotein plasmid), 31 to produce VSV pseudotyped vectors using 10 mg each of the vector plasmid and the pMD.G plasmid and 2 mg of the pHIT60 plasmid. Sodium butyrate induction was performed as described by Soneoka et al.
30
Titers of viral supernatant were determined by transducing 293A cells with serial dilutions of viral supernatant, followed by flow-cytometric analyses 4-5 days later. (b and c) Total nuclear and cytoplasmic RNA were isolated as described. 4 Briefly, for total RNA, cells were quickly suspended in RNA Stat-60 (Tel-Test Inc., Friendswood, TX, USA). For extraction of nuclear and cytoplasmic RNA, cells were suspended in cytoplasmic lysis buffer (10 mM HEPES (pH 7.8), 10 mM KCl, 0.1 mM EDTA, 20% glycerol, 0.5% Nonidet P-40) and spun at 8000 g at 41C; the supernatant was aspirated and pellets spun for an additional 5 min at 14 000 g. The supernatant was then transferred to 1 ml RNA-Stat. The nuclear pellet from the first spin was resuspended in 1 ml of cytoplasmic lysis buffer and spun at 8000 g for 3 min. The supernatant was discarded and the nuclear pellet was suspended in 300 ml nuclear buffer (10 mM Tris (pH 8.4), 1.5 mM MgCl 2 , 140 mM NaCl and 20% glycerol). The sample was centrifuged at 8000 g for 3 min and the supernatant was discarded. The nuclear pellet was then resuspended in 300 ml nuclear buffer and lysed with 1 ml RNA stat. RNA extraction was carried out as per the manufacturer's protocol. RNA was resolved using northern blot analyses as described previously. 32 The bands were quantified using phosphor-imaging, as reflected in the numbers depicted under each band, after normalization for loading. (d and e) Two retroviral constructs, MND-IRES-GFP (MIG) or MND-IRES-GFP-WPRE (MIG-W), were transfected into PG13 cells and single-copy clones were derived. The supernatant from the clones was used to transduce 293T cells. Genomic DNA was extracted using standard phenol/chloroform extraction and quantified on the spectrophotometer. Quantitative Southern blot analysis was used, as described previously, 33, 34 to determine the copy number per cell pool. For Southern blot analysis, 10 mg of genomic DNA was digested with SpeI, which cuts the provirus between LTRs. (f) Densitometry analysis of Southern blots was performed using the Kodak Imager (Kodak). LTR, long terminal repeat.
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T Higashimoto et al clones from MLV vectors with and without the WPRE. Virus produced from the producer cells was used to transduce 293 cells. Titers were determined by quantifying the transmitted vector copies using genomic Southern blot analysis (Figure 4e ). Densitometry analysis of the bands confirms a 10-fold higher titer of the RV vector containing WPRE from producer cells, similar to results obtained from transient transfections (Figure 4f ). This effect was confirmed in a second set of PG13 producer cells with and without WPRE, where a 7.3-fold increase in titer was observed (data not shown). Zaiss et al. have previously shown that reduction in the readthrough transcription from MLV vectors by inserting a bovine growth hormone polyadenylation signal in the 3 0 -LTR improves titers and expression as compared to control MLV vectors. Our data are consistent with their results, showing WPRE improves viral titers mainly via improved transcript termination, A considerable increase in viral titers with WPRE is a distinct advantage for MLV vectors that cannot otherwise be concentrated effectively with most viral envelop proteins used to package RV vectors.
The overall transgene expression was also greatly increased from 293 cells transduced at similar MOI of RV vectors containing the WPRE, as confirmed by western blot and flow cytometry ( Supplementary Figure 1c and  d) . Our study complements the results of Zufferey et al., where a 4-to 9-fold increase in expression of LV containing the WPRE was observed 7 and Loeb et al., who reported increased expression from AAV vectors containing the WPRE, and suggest a novel mechanism by which this may occur. 5 Like the USE enhancers of polyadenylation, 18 WPRE also augments transgene expression when placed between the transgene, upstream to the polyadenylation signal, in an orientation-dependent manner. 7 Whether the WPRE utilizes additional post-transcriptional mechanisms that may result in augmentation of transgene expression or titers is not known. Like HPRE, it may bind with cellular proteins to post-transcriptionally regulate expression, 1, 25 and the cellular proteins may vary with different cell type/ transgene, resulting in cell/transgene-specific augmentation in transgene expression. 26 Whether WPRE augments expression from AAV and adenoviral vectors using the same mechanism of enhancing transcript termination remains to be determined.
In summary, our results highlight improved transcript termination, likely from enhanced polyadenylation, as a novel mechanism of action of WPRE in integrating RNA vectors, which plays a role in augmenting viral titers and transgene expression from RV vectors.
